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Abstract 

Three shapes of tensile specimens were tested — curved with a very low stress concentration factor 
and straight with either a circular hole or an elliptical hole. The nominal thickness was 125 pm with a net 
section 100 pm wide; the overall length of these microspecimens was 3.1 mm. They were fabricated by 
an improved version of deep reactive ion etching, which produced specimens with smooth sidewalls and 
cross sections having a slightly trapezoidal shape that was exaggerated inside the holes. 

The novel test setup used a vertical load train extending into a resistance furnace. The specimens had 
wedge-shaped ends which fit into ceramic grips. The fixed grip was mounted on a ceramic post, and the 
movable grip was connected to a load cell and actuator outside the furnace with a ceramic-encased 
nichrome wire. The same arrangement was used for tests at 24 and at 1000 °C. 

The strengths of the curved specimens for two batches of material (made with slightly different 
processes) were 0.66 ± 0.12 GPa and 0.45 ± 0.20 GPa respectively at 24 °C with identical values at 
1000 °C. The fracture strengths of the circular-hole and elliptical-hole specimens (computed from the 
stress concentration factors and measured loads at failure) were approximately 1.2 GPa with slight 
decreases at the higher temperature. 

Fractographic examinations showed failures initiating on the surface — primarily at comers. Weibull 
predictions of fracture strengths for the hole specimens based on the properties of the curved specimens 
were reasonably effective for the circular holes, but not for the elliptical holes. 

Introduction 

There are many applications where the combination of microelectromechanical systems (MEMS) and 
high-temperature operation offer significant technological advantages. Some examples are shirt-button- 
sized gas turbines, postage-stamp-sized rockets, and miniature pressure sensors — all experiencing 
temperatures of 1 000 °C or higher. The immediate barrier is the lack of materials that can withstand the 
temperatures and are amenable to the specialized manufacturing processes of MEMS. Candidate materials 
must be chemically inert and capable of maintaining strength at high temperature. Silicon carbide has the 
potential to meet these requirements. In an excellent review entitled “Material Issues in MEMS,” 
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Spearing (ref. 1) states the advantages of silicon carbide (SiC) as high temperature capability along with 
‘much higher stiffness, hardness, toughness, and wear resistance’ when compared to other common 
MEMS materials. 

Silicon carbide based MEMS can be fabricated by chemical vapor deposition of SiC into molds or by 
plasma etching of SiC films (typically polycrystalline) or wafers (poly or single crystalline). However, 
silicon carbide fabrication technology is less mature than the well-developed ones used for silicon or 
polysilicon. The immediate challenge is to develop and validate processes for manufacturing silicon 
carbide MEMS. 

Mechanical properties need to be measured with specimens that are similar in size to MEMS 
components and are made by the same processes. Common ceramic products are designed to withstand 
compression, but MEMS materials must withstand tension to permit a wide range of designs. Further, 
since failures of mechanical components usually initiate at stress concentrations, the tensile specimens 
must include notches or holes that mimic the geometry of these devices. Fracture strength is a valid 
measure of the efficacy of a manufacturing process. The experimental challenge is then to develop a high- 
temperature test method that can measure the fracture strengths of tiny brittle specimens with stress 
concentrations. 

The NASA Glenn Research Center is addressing these challenges. The objectives of this research are 
fourfold: 

■ Develop fabrication processes that can produce SiC specimens similar in size and shape to 
components that would be used in high-temperature MEMS applications, 

■ Develop test methods and measure the fracture strength of this brittle material using smooth 
specimens and specimens with stress concentrations at 24 and 1000 °C, 

■ Correlate fabrication processes with the fracture strength response, 

■ Evaluate the capability of Weibull statistics to predict the strength of this brittle material at stress 
concentrations. 

Development of the fabrication processes began with polycrystalline SiC. It is well-suited for 
mechanical microstructures which will be used in harsh environments; however, more expensive single- 
crystal SiC must be used if high temperature SiC electronics are to be integrated with SiC 
microstructures. A large number of parameters are involved in the deep ion reactive etching (DRIE) of 
SiC, and establishing a suitable process is challenging. Five process batches were run using 
polycrystalline SiC, and three of them produced suitable straight, curved, and notched specimens. Those 
were tested at room temperature only, and the processes, test procedures, and results are published in 
reference 2. 

In this work, single-crystal SiC micro-scale tensile test specimens with high aspect ratios were 
fabricated and tested at 24 and 1000 °C. The results of the first group of specimens — referred to here as 
Batch 6 — were reported in references 3 and 4. Subsequently, an improved time-multiplexed etch 
passivate (TMEP) process was used to fabricate a second set of single-crystal SiC specimens — Batch 7. 
This paper provides detailed results from both Batch 6 and Batch 7. 

Mechanical failures tend to originate at changes in shape, so specimens were designed to include 
stress concentrations to not only measure the change in fracture strength as the highly stressed volume 
gets smaller, but to study the ability to predict localized response from smooth-specimen data. The 
smooth specimens have a gentle curvature in the gage section to avoid failure at the grip ends and will be 
labeled curve specimens in this paper. The two other designs have circular and elliptical through-holes in 
the center of the gage section and will be labeled circle and ellipse. The test matrix is therefore two 
process batches, three specimen shapes, and two temperatures. 
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Following a brief review of previous work, the three specimen designs and the manufacturing 
processes are described. Dimension control is important, and the specimen dimension measurements are 
presented. The experimental setup and test method is unique — particularly the high-temperature aspect — 
and is described in some detail. Numerous tests were conducted, as is necessary for a brittle material, and 
these are presented simply as their means and standard deviations. A limited fractographic analysis is 
included to give some insight as to the fracture origins. A more sophisticated approach to data analysis 
and prediction using the Ceramic Analysis and Reliability Evaluation of Structures/Yi/e Prediction 
( CAKES! Life ) approach is given in a separate section. Some concluding remarks on the implications of 
these results for high-temperature MEMS complete the paper. 

Background 

Silicon carbide has several advantages for high temperature applications (ref. 5 contains over 1000 
references) and these advantages apply to certain MEMS applications (refs. 6 and 7). Its high stiffness 
(roughly three times that of polysilicon) makes it a good candidate for the high Q required in radio 
frequency (RF) microdevices. Degradation in hostile environments is greatly reduced by its chemical 
inertness. That property also makes it easy to fabricate microdevices on silicon substrates because the 
etchants used in common processing of silicon and polysilicon don’t attack the silicon carbide structure. 
Its thermal conductivity is much higher than silicon, which can be an advantage in microelectronics. 
However, it is the strength of silicon carbide that is of interest here, and research in this area has been 
limited — particularly at high temperature. In fact, lack of high-temperature properties of both silicon and 
polysilicon has hampered the development of mechanical systems such as microturbines (ref. 8). 

Bulk silicon carbide at room temperature has a compressive strength of 0.57 to 1.38 GPa and a tensile 
strength of 0.03 to 0.14 GPa (ref. 9), but tests on thin or thick films are scarce. Tensile testing is preferred 
for structural materials because it creates a uniform state of stress and strain and enables their direct 
measurement; however, the gripping and alignment issues make tensile tests difficult for brittle materials. 
Indirect measurements of the residual stress and Young’s modulus of thin-film SiC have been made by 
bulge testing of diaphragms (ref. 10), bending tests (ref. 1 1), and resonant beam tests (ref. 12). However, 
none of these tests measured the strength of the thin-film material. 

Jackson et al. (ref. 13) conducted tensile tests on thin (0.8 and 1.7 pm thick) films of epitaxial 3C 
silicon carbide. The gage sections of the specimens were 600 pm wide and 4 mm long, and they were 
tested in a setup that enabled measurement of axial and lateral strain by laser interferometry. Young’s 
modulus, Poisson’s ratio, and fracture strength were determined. Two different processes were used to 
make the specimens at Case Western Reserve University — micromolding for the 0.8 pm ones and 
reactive ion etching (RIE) for the 1.7 pm ones. The average fracture strengths were 1.19 ± 0.53 GPa and 
1.65 ± 0.39 GPa respectively. Specimens of the same planar shape, but thicker at 20 to 40 pm, were 
fabricated by micromolding at Massachusetts Institute of Technology (MIT) in two batches (ref. 14). The 
fracture strengths were 0.49 ± 0.20 GPa and 0.81 ± 0.23 GPa. Two observations about these two studies 
are worth noting. First, the thinner specimens (ref. 13) tend to be stronger than the thicker ones (ref. 14). 
Second, the coefficient of variation (standard deviation divided by mean) is quite large, reaching almost 
50% in one case. This is not surprising for such small brittle specimens. 

The earlier tests on polycrystalline silicon carbide are reported in reference 2 where the 
manufacturing process and the test method are described in detail. Briefly, the tensile microspecimens 
3.1 mm long were produced by DRIE of wafers nominally 150 pm thick. The ends of the specimens were 
wedge-shaped to fit into matching inserts in the aluminum grips of a miniature horizontal test machine 
that produced a stress versus displacement plot — not a stress-strain curve. The Weibull characteristic 
strengths from three process runs were 0.42, 0.53, and 0.88 GPa — showing improvements in the methods. 
The average fracture strengths for the last process run, which had the best sidewall features, were: straight 
0.38 ± 0.13 GPa, curved 0.47 ± 0.15 GPa, notched 0.78 ± 0.28 GPa. These results show a clear increase in 
the strength of the material as the size of the highly stressed region decreases. 
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The Weibull analyses in reference 2 were performed using the CARES /Life program originally 
developed at NASA. It is a stand-alone program that requires the input of finite element analysis results in 
order to assess component reliability. The program calculates the various Weibull parameters and then 
predicts the strength of the component. Incorporating all this into a design methodology shows that one 
can take baseline material properties from uniaxial tensile tests and predict the overall strength of 
complicated components (refs. 15 to 17). Thi s is commensurate with traditional mechanical design, but 
with the addition of Weibull statistics. Details and access to CARES /Life are available in reference 17 and 
standardized methods for estimating Weibull parameters can be found in ASTM C1239. 

This paper extends previous research in three ways — the material is single crystal silicon carbide, an 
improved manufacturing process is used, and strength is measured at both 24 and 1000 °C. 


Specimen Design, Material, and Manufacture 

The key to tensile testing is a specimen design that enables effective gripping. Wedge-shaped 
specimen ends that fit into inserts in the grips is a design that was developed earlier by Shaipe et al. 

(ref. 18) for metal microspecimens. A traditional tensile specimen has a straight gage section, but there 
was concern that a brittle specimen would break at the stress concentrations where it faired into the ends. 
This indeed turned out to be the case roughly half the time when tests were attempted on polycrystalline 
straight-gage-section specimens (ref. 2). Therefore a specimen with a gentle curvature and smaller net 
cross section, but that still produced a uniform stress in the middle of the gage section (labeled curve) was 
used. A circular-hole and an elliptical-hole specimen (labeled circle and ellipse) were designed to 
generate localized stress concentrations. 

Figure 1 is a schematic of the basic geometries used for the microtensile specimens. The flared-end is 
the gripping section of the specimen, and the gage section length is 1.3 mm with a net cross section of 
0.1 mm by 0.125 mm. From left to right in the figure these are (a) curve, (b) circle, and (c) ellipse designs. 
These generate stress concentration factors, K m relative to the net cross section of (a) 1.01, (b) 2.3, and (c) 
4.5, respectively based on results from finite element analysis. The curve specimen was 0.1 mm at its 
narrowest point at the center. The central circular hole was also 0.1 mm in diameter, and the 
central ellipse was 0. 1 mm across its major axis (perpendicular to the load axis) and 0.05 mm across its 
minor axis for a ratio of 2: 1 . Both these latter designs were 0.2 mm wide so that the net cross section was 
the same for all three geometries. The curve specimen geometry was the baseline for predicting the 
response of the other two geometries. 




Figure 1. — Basic schematic of the microtensile specimens; (a) curve, 
(b) circle, (c) ellipse. The gage section is 1.3 mm in length. 
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The specimens were micromachined from wafers of research grade 6H polytype silicon carbide with 
a 3.5° off-axis orientation from Cree Materials in Durham, North Carolina (ref. 19). This is a hexagonal 
material, and the tensile axis was oriented parallel to the {10 1 0} flat on the wafer. The 50.8 mm diameter 
wafers were originally 370 pm thick, but were lapped and polished from the backside to produce the final 
thickness of 125 pm. 

DRIE was accomplished with an inductively coupled plasma etcher (STS Multiplex Inductively 
Coupled Plasma (ICP)). The etch mask was electroplated nickel 10 pm thick. Wafers were etched using a 
TMEP process (ref. 20), a technique widely used in the DRIE of silicon in order to form structures with 
high aspect ratios (etch depth divided by lateral feature size) (ref. 21). This technique alternates fluorine- 
plasma etching of the substrate with the deposition of a passivating polymer layer to produce an 
anisotropic profile (i.e., vertical sidewalls). In fluorine-plasma etching of silicon, the high reactivity of 
silicon with fluorine radicals causes fast lateral etching. In TMEP etching of silicon, this lateral etching is 
inhibited by coating the sidewalls with polymer, thereby producing the desired anisotropic profile. Silicon 
carbide, on the other hand, is relatively inert, and appreciable etch rates in fluorine plasmas are obtained 
only when the SiC surface is subjected to ion bombardment. Since the ions are well collimated and strike 
only the horizontal surfaces of the substrate, the SiC etch process is inherently anisotropic. However, the 
lateral etch rate, while small, is not zero, which causes roughening of the sidewalls during long-duration 
etches. For this reason, and also to obtain better control over the sidewall slope, TMEP etching of SiC 
was attempted. Key process parameters (e.g., pressure, RF power, duration of deposition step) were 
adjusted in order to produce the smoothest and most nearly vertical sidewalls. 

The TMEP process enabled fabrication of specimens with reduced sidewall roughness and more 
nearly vertical sidewalls compared to specimens that were fabricated using an etch-only DRIE process 
(ref. 2). SF 6 was used as the etching gas, while C 4 F 8 was used to deposit a fluorocarbon polymer film, 
which protected the sidewalls from lateral etching. The TMEP process was used to fabricate two batches 
of single-crystal SiC tensile test specimens, designated Batch 6 and Batch 7. For Batch 6, pressure was 
held constant at approximately 12 mTorr, with 1000 W coil power and 75 W platen power applied during 
the etching step. The etch rate was 0. 16 pm/m in. Sides of the specimens were rougher than the unetched 
top and bottom surfaces, and exhibited vertical striations. Even so, the surfaces etched using the TMEP 
process showed a significant decrease in roughness compared to SiC specimens fabricated using etch only 
processes (ref. 2). 

Figure 2 shows a circular-hole Batch 6 specimen. The sidewalls of Batch 6 specimens were not 
precisely vertical but sloped outwards with increasing etch depth. The outward slope was more 
pronounced in the etched holes because of the increased likelihood that etch products will not escape a 
deep hole but will instead redeposit on the wall. This is illustrated by figure 3, which shows a partially 
fabricated circular-hole specimen. In Batch 6, the size of the elliptical holes, in particular, was 
significantly reduced from the top to the bottom side of the specimen. 

Subsequent to the fabrication of Batch 6, the ICP etcher was upgraded with a higher power coil 
generator and a series of experiments was performed to develop a new TMEP process that would provide 
a higher etch rate and more uniform, from top to bottom, stress concentrating holes. Batch 7 was 
fabricated using this modified TMEP process, in which the pressure was held at approximately 17 mTorr, 
with 2000 W coil power and 150 W platen power applied during the etching step. The greater coil power 
provided an etch rate of 0.25 pm/min. In Batch 7, the sidewalls were indeed more vertical and the 
dimensions of the elliptical holes were reduced less, from top to bottom. A new flaw, however, was 
introduced in Batch 7. At the end of the etch, when the SiC wafer was etched through to free up the 
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Figure 2. — Circle specimen from Batch 6. 





Figure 4. — Ellipse specimen of Batch 7, showing 
chipping at bottom edge (top side is down). 


Figure 3. — Cross section of a circle specimen etched 
partway into a SiC wafer using the Batch 6 TMEP 
process. 



1 0KO 770X 12. gt'm 0000 


Figure 5. — Bottom side of Batch 7 circle specimen 


individual specimens, substantial over-etching was used to try to eliminate a jagged lip around the bottom 
edge of the specimens. This did not occur in Batch 6, possibly because the Batch 6 process produced a 
greater etching enhancement at the base of the sidewall (microtrenching), as is visible in figure 3. For 
some of the Batch 7 specimens, the several-micron- wide lip was not eliminated until the specimens were 
ultrasonically cleaned after removal of the nickel etch mask. This caused the lip to break off, chipping the 
bottom edge of the specimen as can be seen in figure 4, and to a lesser extent, figure 5. 


Specimen Dimension Measurements 

Any manufacturing process needs to produce the desired shape and dimensions, and part of the 
process development is assessing the variation in the results. Table 1 summarizes the extensive dimension 
measurements for both Batch 6 and 7. The adjustable reticle of a Vickers microhardness tester was used 
to measure the Batch 6 specimens, and an Olympus metallurgical microscope with measurement software 
was used for Batch 7. 
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TABLE 1.— RATIOS OF DIMENSIONS FROM TOP TO BOTTOM OF SPECIMENS 


Batch/specimen 

type 

Ratio of widths: 
top/bottom 

Ratio of major axes: 
top/bottom 

Ratio of minor axes: 
top/bottom 

Batch 6/curve 

0.894 ± 0.034 

N/A 

N/A 

Batch 7/curve 

0.881 ±0.035 

N/A 

N/A 

Batch 6/circle 

0.939 ±0.025 

1.184 ±0.060 

N/A 

Batch 7/circle 

0.930 ±0.019 

1.186 ±0.056 

N/A 

Batch 6/ellipse 

0.934 ±0.020 

1.238 ±0.030 

1.631 ±0.311 

Batch 7/ellipse 

0.927± 0.021 

1.174 ±0.054 

1.364 ±0.137 


Note that bottoms of the specimens are wider than the tops, but the tops of the holes are wider than 
the bottoms. The Batch 7 process significantly reduced the narrowing of the elliptical hole minor axis, as 
shown in table 1 . Despite extensive experimentation, a SiC TMEP process was not found which could 
produce a precisely vertical sidewall. The outward slope achieved using TMEP of SiC is distinctly 
different from that previously obtained using an etch-only process, in which the sidewall had a significant 
inward (re-entrant) slope (ref. 2). 

Experimental Setup and Procedure 

The wedge-shaped ends of the specimens of figure 1 are designed to fit into inserts in grips in a 
miniature testing machine. The gentle curvature of the curve specimens and the stress concentrations in 
the other two contained fracture to the center portions away from the grip ends. The original version of 
the room-temperature test machine had a horizontal load train with the movable grip attached to a load 
cell mounted on a motor-driven translation stage (ref. 2). The grips were aluminum with the movable one 
supported by a linear air bearing to eliminate friction. 

A completely different system is required for high-temperature testing. First, the specimen must be 
heated and this is accomplished in a resistive furnace. Second, the grips must withstand the temperature; 
these were machined from Aremcolox 502-1400 — a fully fired alumina maintaining its strength to 
1650 °C. Third, the load train is turned vertically to eliminate friction. Figure 6 is a schematic of the 
setup. The furnace is custom-made from Thermcraft, Inc. with a 2 in. diameter by 4 in. long hot zone; it is 
closed at the top and sits on an insulated base that has a 2 in. diameter through hole. The base is mounted 
on an aluminum platform 12 in. above a table. A half- inch alumina post extends up into the hot zone of 
the furnace to serve as the frame for the load train. The upper ceramic grip is attached to the post. The 
lower grip is attached to a nichrome wire encased in a small ceramic tube and connected at the bottom to 
a load cell mounted on a piezoelectric actuator. A capacitance probe (Capacitec HPC-401-A-L2-5-B-D 
with 410-SC-BNC amplifier) records the vertical displacement of the actuator. This wire is mounted 
inside another, larger, tube with a small ceramic guide plate on top for alignment. Temperature is 
measured by a thermocouple through a hole in the side of the furnace and controlled by a Micromega 
controller from Omega Engineering, Inc. 

Figure 7 shows the grip end of the specimen as it fits into the ceramic grip insert. The force from the 
grip is transferred to the sides of the wedges away from the transition into the straight gage section. 
Mounting the specimen in a vertical load train is more difficult than in a horizontal one, and figure 8 helps 
explain the procedure. The top grip is removed and placed horizontally so that one end of the specimen 
can be inserted in the insert. A ceramic plate and bolt (the lower bolt head in the figure) covers the insert 
to hold the specimen loosely in place. This grip is then fastened to the ceramic post with a bolt and 
washer shown at the top of the figure. The lower grip is then raised so that the bottom end of the specimen 
can be inserted into it. Finally, the specimen is pushed to the back of the inserts with a wire on the end of 
a micromanipulator and a very small force is applied by the actuator to hold the specimen in place. This is 
all a rather delicate procedure, but works well without damage to the specimen. 
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Figure 7. — Specimen end in ceramic grip insert. 
The gage section is 200 pm wide. 
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Figure 8. — Closeup of grips and specimen. 
The ceramic post is 12.5 mm in diameter. 



DISPLACEMENT - Microns 


Figure 9. — Force versus actuator displacement 
fora circular-hole specimen at 1000 °C. 

Once the specimen is in place, a computer program in Agilent Visual Engineering Environment 
(VEE) controls the piezoelectric actuator to apply and record the force in the specimen and the 
displacement of the actuator. The resulting force-displacement curve is displayed on the computer screen. 
For high-temperature tests, the furnace is turned on after the specimen is in place. The connecting wire 
expands as it is heated, so a VEE feedback program monitors the force and adjusts the actuator to 
maintain the force at its initial set value. It takes about 15 minutes for the specimen to reach 1000 °C, and 
the temperature is held there for 1 0 minutes to stabilize the furnace before testing. The temperature is held 
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± 5 °C during the test. Figure 9 is an example of a force-displacement record for a circle specimen at 
1000 °C. The displacement is almost exclusively due to the elongation of the connecting wire. 


Strength Results 

Investigation using finite element analysis concluded that the value of K„ = 2.32 for the circle 
configuration is essentially independent of the dimensional variations among the individual specimens 
and was used to compute the fracture stresses for all hole specimens. However, it was found that K n for 
the ellipse specimen configuration depends significantly on the individual specimen dimensions, and thus 
the strength for each specimen was computed based on measured force at failure, its own trapezoidal 
dimensions and net stress concentration factor obtained via finite element analysis. The results are shown 
in tables 2 and 3 and figure 10. All fracture stresses were determined from the failure load and stress 
concentration factor regardless of the actual locations of fracture initiation. 


TABLE 2.— FRACTURE STRENGTH RESULTS FOR BATCH 6 



Curve 

Circle 

Ellipse 

24 °C 

1000 °C 

24 °C 

1000 °C 

24 °C 

1000 °C 

Number of tests 

19 

9 

19 

10 

16 

8 

Average, GPa 

0.662 

0.656 

1.241 

1.180 

1.229 

0.945 

Standard deviation, GPa 

0.122 

0.200 

0.339 

0.338 

0.375 

0.218 

Coefficient of variation 

18% 

30% 

27% 

29% 

31% 

23% 


TABLE 3.— FRACTURE STRENGTH RESULTS FOR BATCH 7 



Curve 

Circle 

Ellipse 

24 °C 

1000 °c 

24 °C 

1000 °C 

24 °C 

1000 °C 

Number of tests 

12 

12 

9 

9 

14 

13 

Average, GPa 

0.453 

0.448 

1.230 

1.052 

1.480 

1.051 

Standard deviation, GPa 

0.203 

0.206 

0.294 

0.224 

0.467 

0.338 

Coefficient of variation 

45% 

46% 

24% 

21% 

32% 

32% 


The curve specimens from Batch 7 are actually weaker and show more scatter than those from Batch 
6. The circle specimens show basically the same strength as well as slightly smaller scatter. The ellipse 
specimens of Batch 7 show higher strengths — presumably as a result of better fidelity than in Batch 6. 
There is no decrease in strength with temperature for the curve specimens; the values are almost exactly 
the same in each batch. However, there is a slight decrease in the strength at 1000 °C versus at 24 °C for 
the circle specimens and a larger decrease for the ellipse ones. 



Batch 6 


Batch 7 


Figure 10. — Fracture strength results. 
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Fracture Surface Examination 

A high majority of the curved specimens failed within the gage section (29/3 1 at 24 °C and 16/20 at 
1000 °C), and similarly most of the specimens with stress concentrations failed in the hole region. The 
fracture surface of three specimens from each of the six combinations of Batch 7(18 total) were 
examined in a Hitachi field emission scanning electron microscope (FE-SEM). All had broken in the gage 
section if curved and at the stress concentration of a hole or ellipse, and all fracture surfaces were 
perpendicular to the loading axis and were basically flat. Typical images are shown in figures 1 1 to 14. 

Figures 1 1 and 12 show two curve specimens after fracture — one at each temperature. The non- 
rectangular shape of the cross section is readily apparent in figure 1 1 ; in fact, the fracture appears to have 
originated at the upper left-hand corner where the sidewall actually tapers in a little bit. The fracture 
surface in figure 12 is not as perfectly flat, and the fracture may have originated midway across the 
bottom edge. Note the deep striations along the side; these were seen in many of the specimens. 

Similar to figure 11, figure 13 shows a flat surface on a circle specimen. The bottom of the specimen 
shows that some sections perpendicular to the flat side of the specimen broke off. This was observed in 
one other specimen, and it is not known whether this triggered the failure or happened afterward. Figure 
14 shows an ellipse specimen tested at high temperature. There is no obvious failure origin, and the debris 



Figure 13. — 24 °C circle specimen. 


Figure 14. — 1000 °C ellipse specimen. 
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accumulated after failure. The striations inside the ellipse are also very evident. It is important to note that 
examination of all the specimens showed no difference in the fracture surface morphology between those 
tested at room temperature and at high temperature. This observation, coupled with the strength results, 
demonstrates the potential for silicon carbide in high-temperature MEMS. 


CARES /Life Analysis 

The CARES /Life software describes the probabilistic nature of brittle material strength using the 
Weibull cumulative distribution function. This approach is described in two earlier papers (refs. 2 and 22) 
for micro-scale structures and details of the methodology are given in (refs. 16 and 17). In this report the 
curve specimens are used as a baseline to predict the strength response for the circle and ellipse 
specimens. For uniaxially stressed components the 2-parameter Weibull distribution for surface residing 
flaws describes the component fast-fracture failure probability, Pf, as 


Pf = 1 - exp 


CTO 


a (x,y) m dA 


( 1 ) 


where A is the surface area, a(x,y) is the uniaxial stress at a point location on that surface, and m and g 0 
are the shape and scale parameters of the Weibull distribution, respectively. The shape parameter (or 
Weibull modulus) is a dimensionless measure of the dispersion of strength while the scale parameter is the 
characteristic strength (at Pj = 0.6321) of a unit area of material in uniaxial tension. Note that dimensional 
compatibility means that o„ has units of stress-area 1 "'. An analogous equation based on component volume, 
V, can be shown for flaws that reside within the component. 

Estimation of the Weibull parameters comes from rupture experiments of specimens (ideally 30 or 
more) in simple tension or flexure. Regression techniques such as least squares and maximum likelihood 
have been developed that can determine these parameters from a simplified form of equation (1); 


Pf = 1 - exp 


r a (x,y)^ 


dA \°L 




/ \m 


/ \m 

1-exp 

-A 


= 1 - exp 

-- 



K°o) 




( 2 ) 


where ay is the peak stress in the specimen, a (l is the specimen characteristic strength, and A e is known as 
the effective area. The characteristic strength, g s , is the value of a/ where Pf= 0.6321. A e is an equivalent 
area that is a function of stress magnitude and Weibull modulus and not the true area of the component; it 
is calculated in the CARES/ Life program. It can be thought of as the area of a baseline specimen 
subjected to a uniform stress that is equal to the peak stress in the component. Note that the strength 
anisotropy of the single crystal material was not accounted for here. The Principle of Independent Action 
model (described in ref. 17) was used for multiaxial stresses however for the specimens used here the first 
principal stress dominates the reliability response. 

The Weibull size effect is a direct consequence of equation (1) and predicts that the average strength 
of a large component is lower than that for a smaller component for identical loading and geometry due to 
the increased probability of having a weaker flaw present. The magnitude of the size effect is a function 
of the effective area (or volume) and the Weibull modulus. For two different component 
geometry/loading combinations, the size effect strength ratio is obtained by equating the probabilities of 
failure for the two different components resulting in 
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1 


r a f, 2 ^ 

c f, i 


A e ,i 

A e,l 


( 3 ) 


One can make a straightforward comparison between two components by determining the 
characteristic strength values CToj and Ge ,2 from the distributed strengths a/a and a/a — that is the measure 
used here to test the applicability of the Weibull distribution to model the strength response of these 
materials at this size scale. The approach taken is that the Weibull parameters of the curve specimens are 
used as the baseline parameters which are assumed to describe the material. From that set of parameters 
the effective side-wall areas of the circle and ellipse specimens are computed from CARES/Lz/e and 
results from finite element analysis using the average specimen dimensions. Predicted values of the 
characteristic strength for the circle and ellipse specimen geometries can then be obtained from equation 
(2). These predicted values of characteristic strength can be directly compared to measured values of 
characteristic strength obtained from the specimen rupture data. 

Tables 4 and 5 present the measured Ge values for all three specimen and the predictions for the hole 
and ellipse specimens (based on the curve specimens) in tables 6 and 7. The complete set of Weibull 
parameters for the experimental results for Batch 6 and Batch 7 are also listed in tables 4 and 5. One 
outlier data point was removed from the Batch 6 room temperature ellipse set; otherwise all fracture data 
was included (without censoring) in the analysis. The scale parameter g 0 was calculated from 
CA R ES/Life based on the side-wall area of the specimens consistent with the approach taken in reference 
22 — that is, the scale parameter was calculated based on the Weibull modulus and characteristic strength that 
was measured for the respective specimen type. The maximum likelihood method (ref. 23) was used to 
compute the Weibull parameters in these tables and 90% confidence bounds on those parameters are also 
shown. The span of the confidence bound is sensitive to the number of specimens, n, tested. The 
Kolmogorov-Smimov (K-S) and Anderson-Darling (A-D) goodness-of-fit significance levels are also 
provided in reference 17. These tests provide a significance level (given as a percentage) of how well the 
data fit the Weibull distribution. The A-D test is more sensitive to the tails of the distribution. Tables 6 
and 7 show the Weibull parameters (based on the curve specimens) used for the CARES/Life analysis and 
the predicted results for a e . The effective area A e is for the side-walls and was determined using 
CARES/Life, results from finite element analysis, and the Weibull modulus for the curve specimens. 


TABLE 4.— MEASURED WEIBULL PARAMETERS FOR BATCH 6 


Temperature 

Shape 

n 

m 

m, 90 % 

confidence bound 

CT0, 

GPa 

ct 9 , 90% 

confidence bound, 
GPa 

Side-wall a m 
GPa.mnf /m 

K-S, 

% 

A-D, 

% 

24 °C 

Curved 

19 

5.94 

7.54/4.05 

0.713 

0.768/0.663 

0.520 

61 

84 

Circle 

19 

3.68 

4.67/2.51 

1.368 

1.543/ 1.216 

0.394 

59 

31 

Ellipse 

18 

1.97 

2.53/1.30 

1.587 

2.017/1.255 


51 

29 

Ellipse 

16 

3.66 

4.73 / 2.39 

1.364 

1.558/ 1.196 

0.147 

99 

97 

1000 °C 

Curved 

8 

3.88 

5.32/2.05 

0.727 

0.875/0.609 

0.469 

96 

76 

Circle 

10 

4.42 

5.99/2.45 

1.302 

1.514/1.126 

0.433 

68 

47 

Ellipse 

7 

5.44 

7.56/2.70 

1.027 

1.186/0.895 

0.278 

99 

91 


*With outlier removed 
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TABLE 5.— MEASURED WEIBULL PARAMETERS FOR BATCH 7 


Temperature 

Shape 

n 

m 

m, 90 % 

confidence bound 

<30, 

GPa 

a 0> 90% 

confidence bound, 
GPa 

Side-wall a 0 , 
GPa.mm 2/nl 

K-S, 

% 

A-D, 

% 

24 °C 

Curved 

12 

2.44 

3.24/1.45 

0.509 

0.648/0.403 

0.277 

99 

87 

Circle 

9 

5.44 

7.47/2.87 

1.338 

1.527/ 1.179 

0.526 

99 

92 

Ellipse 

14 

3.62 

4.74/2.27 

1.641 

1.900/ 1.421 

0.291 

66 

91 

1000 °C 

Curved 

12 

2.45 

3.26/1.46 

0.508 

0.645/0.402 

0.273 

92 

76 

Circle 

9 

5.60 

7.68/2.95 

1.139 

1.295/ 1.007 

0.458 

99 

98 

Ellipse 

13 

3.70 

4.87/2.26 

1.166 

1.355/ 1.006 

0.206 

99 

89 


TABLE 6.— WEIBULL PARAMETERS USED FOR CARES/Life 
ANALYSIS AND PREDICTED RESULTS FOR BATCH 6 


Temperature 

Shape 

m 

Side-wall a m 
GPa.mm 2/m 

Side-wall A e , 
mm 2 

Predicted a g , 
GPa 


Curved 



0.153 


24 °C 

Circle 

5.94 

0.520 

0.00549 

1.249 


Ellipse 



0.000639 

1.794 


Curved 



0.183 


1000 °C 

Circle 

3.88 

0.469 

0.00941 

1.561 


Ellipse 



0.00132 

2.591 


TABLE 7.— WEIBULL PARAMETERS USED FOR CARES/Life 
ANALYSIS AND PREDICTED RESULTS FOR BATCH 7 


Temperature. 

Type 

m 

Side-wall 

GPa-mm 2 ' 111 

Side-wall A e , 
mm 2 

Predicted a g , 
GPa 


Curved 



0.227 


24 °C 

Circle 

2.44 

0.277 

0.0241 

1.275 


Ellipse 



0.00570 

2.302 


Curved 



0.218 


1000 °C 

Circle 

2.45 

0.273 

0.0240 

1.252 


Ellipse 



0.00523 

2.331 


As can be seen from the tables, similar fracture strength patterns continued in Batch 7 as for Batch 6. 
That is, the strength remained independent of temperature for both the curve and circle specimens, while 
for the ellipse specimen the strength decreased at the elevated temperature. The curve strength decreased 
in Batch 7 (0.45 GPa) compared to Batch 6 (0.66 GPa), while both batches displayed the same strength 
for the other two specimen shapes. The Weibull modulus remained constant as a function of temperature 
for each specimen shape of Batch 7. 

Figure 15 plots the results from tables 4 to 7 on a log-log plot. The abscissa is the ratio of A e of the 
curve specimens to A e of either the hole or ellipse specimens — the increasing numbers denote smaller 
highly stressed areas. The ordinate is the characteristic strength, ae, and the experimental results are 
plotted with error bars that are the 90% confidence bounds. The CARES/Life predictions, extrapolated 
from the curve specimen results, are shown as lines which have slope 1/m. 
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Effective Area Ratio 

Figure 15. — (a) Batch 6, (b) Batch 7. room temperature (RT) (24 °C) and high 
temperature (HT) (1000 °C) characteristic strengths a e versus side-wall 
effective area ratio (curve/hole or curve/ellipse). Error bars are 90% confidence 
bounds on the experimental characteristic strengths, and the lines represent 
predicted values from the curved specimens. 


Figure 15 shows that the size effect for the circle specimens is predicted reasonably well by the 
Weibull distribution; however the same cannot be said for the ellipse specimens. The figures show that 
the strength of the curved specimens was not affected by temperature. For the circle specimens the 
strength at high temperature was somewhat lower but this was not necessarily significant since the 
confidence bounds overlapped. For the ellipse specimens strength degradation at high temperature 
appeared to be statistically significant. The strength degradation of the ellipse specimens at high 
temperature was an unexpected result. 

The Batch 6 data for the circle specimens is bracketed by the room temperature and high temperature 
Weibull lines. Assuming that the curved specimens were not appreciably affected by temperature, then a 
Weibull modulus in-between the value for the RT and HT values would correlate very well to the data. 
For Batch 7, the predicted size effect and the observed size effect correlated very well at both temperature 
levels (and were nearly coincident) for the circle specimens. The ellipse specimens did not correlate well 
with the predictions in either case, particularly at high temperature. For the most part the ellipse 
specimens showed approximately the same strength response as the circle specimens. 

The fact that two different material batches at two different temperatures — for a total of four 
experimental data sets — correlated well for the circle specimens is compelling evidence that the Weibull 
distribution could successfully predict strength response at least for moderate levels of stress 
concentration. However, there was an apparent lack of success in predicting the strengths for the ellipse 
specimens. A probabilistic simulation was demonstrated in reference 3 to account for the effect of the 
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scatter in specimen dimensions on the predicted strengths for the ellipse specimens for Batch 6 data at 
room temperature. That work showed that dimensional scatter did play a role in the predicted strengths of 
the ellipse specimens, but it also showed that the strengths of the ellipse specimens were still over- 
predicted. 

Normally a change of strength with temperature is indicative of a change in stress intensity factor K lc 
or the presence of subcritical crack growth, but this behavior was not consistent across all the specimen 
types. One possible contributor to the lower than expected strengths would be increased surface 
roughness along the sidewalls of the ellipse, although this would not account for the additional high 
temperature degradation. It is known that differences in surface roughness do affect strength as shown in 
reference 24. Also, the ellipse specimens tested the limit of manufacturability with the current fabrication 
process. The modeled shape of the elliptical hole and the actual shape may have differed enough to cause 
some discrepancy. 

For the sake of completeness the CARES/Life predictions of probability of failure versus strength are 
shown with the ranked fracture strengths, CT/, of the individual specimens in figures 16 through 19. The 
failure probability for individual specimens is obtained from the median rank formula 


P f,i = 


i - 0.5 


( 4 ) 


where Pp is the failure probability of the I th ranked (from lowest to highest) specimen and n is the total 
number of specimens in the set. Note that deviation of the data from the shape of the predicted curves is 
less significant when the number of specimens is small. This is bom out by the fact that confidence 
bounds on Weibull parameters, particularly on m, are larger as the number of tested specimens, n, 
becomes smaller. Tables 4 and 5 show that there can be wide variation on m that is observed (estimated 
from the data) and hence correlation of the data to the shape of the predicted curve is not as important as 
correlation to the characteristic strength ui h 



Strength (GPa) 

Figure 16. — Measured and predicted strengths for Batch 6 at RT. 


NASA/TM- 


-2007-214990 


16 



Figure 17. — Measured and predicted strengths for Batch 6 at 1000 °C. 



Strength (GPa) 

Figure 18. — Measured and predicted strengths for Batch 7 at RT. 
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Figure 19. — Measured and predicted strengths for Batch 7 at 1000 °C. 
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Concluding Remarks 

The specimen design and gripping system worked well. It is difficult to grip a brittle tensile specimen 
without generating fractures outside the gage section, but the wide wedge-shaped ends and the matching 
insert that gripped the insert along the sides of the wedge and the gentle curvature of the smooth 
specimens caused them to break near their centers. The stress concentrations of the circular and elliptical 
holes of course assure that the specimens break at the desired location. 

It is not easy to test such small specimens at high temperatures. They can be heated resistively as has 
been done for titanium aluminide (ref. 25); this has the advantage that the grips, which must be 
electrically insulated, stay cool as do the load cell and actuator. While the temperature variation across the 
middle of a smooth specimen is acceptable, holes in a specimen would create large gradients that could 
affect the local fracture strength. A furnace with a uniform temperature distribution is therefore necessary, 
but this means that the grips must withstand the temperature as must a link to the outside load cell and 
actuator. A vertical orientation solves the problem of friction in the load train, but a key here was the 
ceramic grips that could be machined and then cured to the required tolerances. 

The fracture strengths measured here were slightly smaller than obtained in thin-film polycrystalline 
silicon carbide specimens having a different shape and fabricated by different processes. They were 
similar in strength to an earlier series of polycrystalline silicon carbide specimens from NASA tested at 
room temperature. The fracture strengths of smooth silicon carbide specimens of all types tend to be in 
the 0.5 to 1.5 GPa range with coefficients of variation on the order of 30% in most cases. As one would 
expect, there is a lot of variation from batch to batch since the fracture strength is so dependent upon 
surface flaws. 

Introducing stress concentrations and the finite element based CARES/Life analysis is a good way to 
study the effect of size on the fracture strength, but the difficulty in making uniform circular and elliptical 
holes adds to the scatter in the results. There is no change in fracture strength with temperature for the 
smooth specimens, but there is some decrease for the ones with holes. Whether this is caused by the non- 
uniformity of them is unclear. The analysis results showed that good to very good correlation was 
consistently obtained for the circle specimens while the correlation for the ellipse specimens was not 
good. This does not necessarily mean that the Weibull distribution could not predict the ellipse specimen 
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strength response; rather, it may indicate that the analysis did not account for all factors that significantly 
affected strength. Regardless, it seems safe to conclude that Weibull analysis was appropriate for at least 
moderate levels of stress concentration. 

The strength results and the CARES/Lz/e analysis show that local tensile stress levels would have to 
be kept very low for silicon carbide to function as a structural material in MEMS. However, the fact that 
the material maintains its strength at elevated temperatures (at least at moderate stress concentrations) 
makes it attractive for applications in that environment. 
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